Oysters are economically and ecologically important bivalves, with its calcareous shell and delicious meat. The shell composition is a blend of inorganic crystals and shell proteins that form an organic matrix which protects the soft inner tissue of the oyster. The objective of the study was to compare the composition of organic matrix proteins (OMP) of two phylogenetically related species: the Hong Kong oyster (Crassostrea hongkongensis) and the Portuguese oyster (Crassostrea angulata) which differ in their shell hardness and mechanical properties. C. hongkongensis shells are comparatively stronger than C. angulata. Modern shotgun proteomics has been used to understand the nature of the OMP and the variations observed in the mechanical properties of these two species of oyster shells. After visualizing proteins on the one (1DE) and two-dimensional electrophoresis (2DE) gels, the protein spots and their intensities were compared using PDQuest software and 14 proteins of C. hongkongensis were found to be significantly different (student's t-test; p<0.05) when compared to the C. angulata. Furthermore, shell OMP separated on 1DE gels were processed using Triple TOF5600 mass spectrometry and 42 proteins of C. hongkongensis and 37 of C. angulata identified. A Circos based comparative analysis of the shell proteins of both oyster species were prepared against the shell proteome of other shell forming gastropods and molluscs to study the evolutionary conservation of OMP and their function. This comparative proteomics expanded our understating of the molecular mechanism behind the shells having different hardness and mechanical properties.
Shell mechanical strength is dependent on mineral (i.e. calcite crystal) orientation (or organization) and the quality and quantity of occluded OMP. The CaCO3 crystal polymorph form and shell structure of Hong Kong oysters are similar to Portuguese oysters. The question is being addressed as to, what makes Hong Kong oyster shells so strong? It is hypothesized that the OMPs of Hong Kong oysters are significantly different in terms of both quality and quantity from Portuguese oyster shells. This hypothesis was tested and addressed using an interdisciplinary approach. Firstly, we have examined the OMPs of the two oyster species (both soluble and insoluble fractions) using 1-DE and 2-DE gel electrophoresis. This conventional quantitative proteomics approach helped us to understand why Hong Kong oyster shells are stronger. The aim in the second part of this research is to investigate the qualitative differences between the OMP samples of the two oyster species shells. This was accomplished using a 1-DE LC-MS/MS proteomics approach. Using these two proteomic approaches, we have addressed whether there is any significant difference in OMPs between the two species. Using the observed OMPs difference and the comparative OMP proteome structure analysis, this study demonstrated why Hong Kong oyster shells are relatively stronger than Portuguese oyster shells. This study, however, did not examine the mechanical properties of these two species shells and also did not attempt to correlate the observed expression pattern of the OMPs with their shell mechanical properties. The primary objective of this research was to comparatively characterize the organic matrix proteins of mechanically stronger as well as weaker oyster shells. This OMP quantitative and comparative analysis, using two different proteomics approaches, could help us gain new insights into the mechanisms that determine shell mechanical properties in oyster shells.
Methodology: Study materials
The Hong Kong adult oysters (C. hongkongensis) and the Portuguese adult oysters C. angulata were respectively collected from Lau Fu Shan (LFS) located on the north-west coast of Hong Kong and 26 o 05' 53.36'' N 119 o 47' 45.81'' W in Fujian, China. Similarly sized (about 15 cm in length) and aged (about a year) shells of these two species were thoroughly washed and adhered epifauna was removed for the following analysis.
Organic matrix protein (OMP) extraction
About 10 oyster shells from each species of C. hongkongensis and C. angulata were rinsed with distilled water and dried at room temperature for 48 hours. The shells were then broken into small pieces, prior to which, any encrusting biofouling organisms were carefully removed from the shell surface. The broken pieces of shell were freeze dried using a freeze dryer machine (Martin Christ; Alpha 1-4 LSC Plus) then crushed into a powder of less than 200µm using a grinder (Mill, Disc Type/ N.V. Tema/ SiebTechnik/ TS100) to obtain a uniform powder to facilitate easy extraction by solvents. The extraction of protein was done in duplicate (2 x 30 gm of powder) in order to check the reproducibility of the results. The crushed shell powder was bleached using commercial bleach (20%) NaOCl, Colorox TM ), bleach was removed by repeatedly rinsing with distilled water and the powder was freeze dried before adding pre-chilled 50% acetic acid (20 mL/gm of shell powder) for decalcification at 4 o C for 16 hours. The resulting dark-brown suspension was dialyzed against 10% acetic acid (3 volume x 3 changes), 5% acetic acid (3 volume x 3 changes) and distilled water (3 volume x 3 changes) at 4 o C for 3 days using SE membrane (Spectra/Por 6 dialysis membrane, mw cut-off 3000; Spectrum Europe, Breda, The Netherlands). The solution was centrifuged (HisacCR 22G; HighSpeed Refrigerated Centrifuge) at 14,000 x g for 1 hour at 4 o C to separate the ASM fraction as a supernatant and the AIM fraction as a pellet in plastic bottles (Amicon, 200 ml) (Mann and Jackson, 2014) . Later, a freeze dryer was used to reduce the volume of the ASM fraction of the OMP and dry off the AIM pellet. The laemmli sample buffer [1M Tris pH 6.8, glycerol (87%), SDS (10%), DTT, milli Q water] was added to the ASM and the AIM pellet to dissolve the proteins in the powder formed from the freeze drying process and it was then sonicated (Banson Sonifier 150) using 3 cycles of 10 sec to properly mix and dissolve the proteins.
Protein precipitation and quantification
Trichloroacetic acid (TCA) and acetone precipitation was performed to clean and precipitate proteins. One volume of 60% (wt/vol) TCA was added to five volumes of acid soluble matrix (ASM) samples and 1 ml 60% (wt/vol) TCA was added to AIM pellets. Both the fractions were incubated at 4 o C overnight, centrifuged at 10,000 x g at 4 o C for 30 min, washed twice with icecold acetone at 4 o C for 15 min. and centrifuged at 10,000 x g at 4 o C for 30 min [6] . The protein pellets were again suspended in a laemmli sample buffer [1M Tris pH 6.8, glycerol (87%), SDS (10%), DTT, milli Q water] for shell proteins quantification using the Bradford-based method by Bio-Rad RC-DC Protein Assay Kit.
Protein separation by one dimensional gel electrophoresis (1-DE)
40 µg of shell protein samples were deglycosylated using a set of enzymes kit (New England BioLabs) [6] . The deglycosylated mixture was further complemented with 1% bromophenol blue, β-mercaptoethanol, heated to 95 o C for 5 min., 40 µg of protein from each was loaded in 10% SDS-PAGE Criterion Tris-HCl gels (Bio-rad), run at room temperature at 80 V for the first 15 min., then at 150 V for the next 40 min., stained with the coomassie brilliant blue G-250 (CBB) and gels were scanned at an optical resolution of 400 dpi using the GS-800 densitometer (Bio-Rad, Hercules, CA, USA).
Protein separation by two dimensional gel electrophoresis (2-DE)
Protein fractions were cleaned using a ReadyPrep Protein 2-DE purification kit (BioRad), 2-DE rehydration/sample buffer was added to the protein the quantification using The RC DC Protein Assay. Precast 11 cm. linear pH 3-10 immobilized pH gradient (IPG) strips (BIO-RAD Laboratories Inc) were re-hydrated for 16 hours at 50 V (20 o C) with 250 microL buffer containing 60 ug of ASM and AIM of both C. hongkongensis and C. angulata in 7 M urea, 2 M thiourea, 2% (w/w) Chaps, 20 mM dithiothreitol, 0.2% ampholytes and 1% bromophenol blue. After this step, IEF was carried out at 250 V for 15 min, followed by 8000 V for 2 and half hours and 8000 V until 40,000 Vh was reached. The IPG strips were then transferred for 20 min into 2 mL of equilibration buffer (6 M urea, 2% SDS, 1.5 M Tris/HCl pH 8.8, 50% glycerol) containing 130 mM dithiothreitol and 20 min into the same buffer containing 135 mM iodoacetamide. Strips were then rinsed in 25 mM Tris, 192 mM glycine and 0.1% SDS, placed on top of precast 12.5 % Bio Rad gels and sealed in place with an overlay solution of 0.5% agarose (w/v). Immediately after, electrophoresis was performed at 80 V for the first 15 min and then at 150 V for 40 min. [7] . Gels were run in triplicates for reproducibility, stored in a fixing solution overnight and stained using the vorum silver method [8] and scanned at an optical resolution of 400 dpi using the GS-800 densitometer (Bio-Rad, Hercules, CA, USA) for representative images.
Proteome analysis
PDQuest software (ver. 8.0; Bio-Rad) was used to analyze and compare the gels, which models protein spots mathematically as a three-dimensional Gaussian distribution and determines the maximum absorption after correcting the raw image and subtracting the background. To ensure proper detection of spots, automatic spot detection in every gel was visually inspected. For this compatible gel picture files were added to the PDQuest platform. Replicate gel images were grouped and named accordingly. By choosing spot centres, the gaussian model was selected with filter sensitivity. Now a master gel was chosen from all the gels based on the best manual visualization. Gel spot intensities were normalized using total-density values.
Thereafter, gels were grouped by consensus for analysis where spots were cross checked manually in PDQuest generated results. Consistently detected spots across all the gels were used for subsequent analysis. For a spots oriented comparison between C. hongkongensis and C. angulata the spot intensities dataset was analyzed using a student's t-test. Spots that displayed statistical difference (p<0.05) and with 1.25 or greater fold changes (C. hongkongensis / C. angulata) were considered differentially expressed (PDQuest TM 8.0 2D analysis software quick guide BioRad Laboratories 2005).
LC-MS/MS analysis of OMPs
The eight groups of protein bands from the gel were manually excised and followed by in-gel trypsin digestion. The gel pieces were washed twice for 15 min each with milliQ water, twice with H2O/ACN (1:1 v/v) and were then placed in 100% ACN. The gel pieces were dried in a centrifugal SpeedVac before adding 1:50 sequencing grade trypsin (Promega) in 20 mM NH4HCO3 buffer. The gel pieces were covered with the buffer solution and digestion was allowed for 16 hours at 37 o C. The peptides were extracted using several volumes of an H2O/ACN/trifluoroacetic acid mixture (80:20:1). These fractions were dried in a vacuum centrifuge and subjected to analysis on a TripleTOF 5600 mass spectrometer (AB SCIEX) in order to generate raw wiff files to further identify proteins.
Trypsin digested fractions was dissolved in water and subjected to a reversed phase nano-LC-MS/MS consisting of a nano pump equipped with a 10-well-plate auto-sampler (Agilent Technologies, Wilmington, DE, USA) coupled with a TripleTOF 5600 system (AB SCIEX, Concord, ON, Canada) fitted with a Nanospray III source (AB SCIEX, Concord, ON, Canada). The isolated peptide elution was applied with a 5-35% ACN gradient in 0.5% formic acid during 60 min gradient after loading on a 5 cm. reverse-phase C18 trap column. The following MS settings were used for MS/MS analysis of eluted peptides: ion spray voltage, 2.8 kV; curtain gas, 20 psi; nebulizer gas, 6 psi; interface heater temperature, 125 o C. For IDA, full scans were acquired within 250 ms over the range m/z 400-1250. The eluted peptides were scanned by MS/MS, for which, the 20 most abundant peaks which exceeded 125 counts per second and carried a charge between +2 to +5 in the range m/z 100-1500, were manually selected. The exclusion time for MS/MS analysis of the acquired ions was set at 20 s. The raw data acquired from MS/MS analysis was examined using the Paragon algorithm in Protein Pilot 4.5 software (Applied Biosystems, Framingham, MA, USA). 
Shell proteome databases for protein identification
In the process of workflow of shell proteomics, the raw wiff files obtained from mass spectrometer were run using Protein Pilot TM software to identify proteins against all the previously profiled shell proteome of the gastropods and molluscs which includes 42 shell proteins of Pinctada maxima, 78 shell proteins of P. 
Circos ideograms
The NCBI BLAST comparison result based text files and .conf files were provided to Circos using custom Perl scripts in order to generate two ideograms for both species analysis. Circos is offline software which generates publishable ideograms that allow for ease of comprehension and helps visualize the extensive analysis. In order to find out the similarity between our species and other species for protein sequences, sequence alignment was applied on our sequences and the 8 other species dataset, using NCBI BLASTp software [12] . An e-value 1e-6 was used as a cutoff to reserve those most likely results. Based on this, a Circos figure was drawn to show the similarities between our sample proteins and the proteins in other species, using the software Circos-0.67-7. A full length of karyotype file was created to set the position around the Circos for each sequence, based on the total sequence number. In this way, each 
Results: One dimensional gel (1-DE/SDS-PAGE)
10% SDS-PAGE (1-DE gel) of shell proteins of Hong Kong oysters (C. hongkongensis) and Portuguese oysters (C. angulata) with the AIM and ASM fractions (Figure 1 ) depict the observed proteins band pattern including the duplicate run (Figure 9 ). Protein bands were seen to be properly resolved to a sufficient enough extent especially considering that shell proteins are much harder to be visualized than tissue proteins. Use of the deglycosylation enzyme mixture, in particular to get rid of additional sugar chains, was positively found to be helpful in properly visualizing protein bands on the gel. Analysis of the two fractions of OMPs from the two species, using the 1-DE revealed both species and fraction differences in the detection of OMPs. The Hong Kong species appears to have a slightly higher number of OMPs in both ASM and AIM fractions than those found in Portuguese oyster shells. It is also evident that, ASM fractions of both species have a higher number of OMPS than those found in the AIM. Nevertheless, the separation patterns using 1-DE gels generally failed to distinctively separate both the species and fractions due inherent limitations of 1-DE. Therefore, it was decided to further investigate these results using 2-DE. 
Two dimensional gels

OMPs analysis using a proteomics approach
Since equal amounts of protein (60 micro-grams) were loaded onto all the gels irrespective of the replicates and treatments, further qualitative comparison could be performed. Protein spots of Hong Kong C. hongkongensis and Portuguese C. angulata oysters were analyzed using PDQuest software to study the proteins expression (Figures 2 and 3 ).
Figure 2: 2-DE Gel (A)
The total protein extracts (60 µg) were separated on 11 cm. linear IPG strips (pH/pI 3-10) followed by 12.5% polyacrylamide gel electrophoresis. Gels were stained with silver staining to visualize protein spots & PDQuest spot analysis of the acid soluble matrix (ASM) of C. hongkongensis (HS) and C. angulata (AS).
Exactly 10-11 numbers of spots were found to be consistently expressed in all the gels which are why they are comparable for further conclusions. Protein spots of different characteristics were seen as they were diversely brighter, fainter, smaller and larger.
Each bar represents the normalized spot intensity obtained from biological triplicate gels (± S.D.) of C. hongkongensis and C. angulata (Figures 4 and 5) . Briefly, each gel was compared against one another to generate a normalization factor, by which the spot volumes in a gel were then normalized according to the respective factor. The normalized volume of each spot was exported to the SPSS statistical software (ver. 16.0; IBM) and compared between the C. hongkongensis and the C. angulata groups of ASM and AIM fractions. The spot analyses in this study assumed normal distribution of spot volumes in replicate gels within each group (C. hongkongensis or C. angulata) ( Tables 1  and 2 ). This is a common approach adopted in many 2-DE based proteomics studies [14]. 
Organic matrix proteins (OMP) identification
In total 42 of C. hongkongensis and 37 of C. angulata shell proteins were identified after in-gel digestion method from SDS-PAGE with Triple TOF mass spectrometry using Protein Pilot TM software. Out of the 42 OMP of C. hongkongensis, the AIM consists of 25, the ASM consists of 10, and 7 are common in both fractions whereas out of 37 organic matrix proteins of C. angulata, the AIM consists of 26, the ASM consists of 10, and 4 are common to both fractions ( Figure 6 ). The proteins role in biological processes and their molecular functions were retrieved using UniProt online software. Tables 3, 4 
Circos BLASTp analysis
The protein wise BLASTp comparison of shell proteome was recently done using Circos ideograms for the first time [10] . A clearly different pattern of significant similarities was found (Figures 7 and 8 ) in the first identified shell proteome of both the species C. hongkongensis and C. angulata when the BLASTp results were compared against the set of gastropods and molluscs shell proteomes. For 39 HK sequences, 16 of them were found to have 56 similar sequences in 8 other species. And for 37 ANG sequences, 20 of them find 84 similar sequences. The global similarity for each similar sequence pair was calculated, and these pairs were classified into 4 quartiles. Proteins, for example, Collagen alpha-1 (IV) a chain of H. asinina and Wnt inhibitory factor 1 of P. margaritifera and P. maxima, Myosin essential light chain, striated adductor muscle, Heat shock 70 kDa protein 12A and Enolase of S. purpuratus, Kielin/chordin-like protein of L. gigantea, Tripartite motif-containing protein 3, Paramyosin and Spore cortex-lytic enzyme of C. gigas are uniquely matched against shell proteins of C. angulata within the threshold of global similarity of sequences ranging from the top quartile to the lowest quartile of global similarity. This is not the case in C. hongkongensis.
These findings suggest that the evolutionary conservations of the shell proteins of C. hongkongensis have been quite limited in diversity whereas in C. angulata they are more diversely related and conserved. The functions of distinctive proteins hint towards different shell mechanical properties and protein pathways involved in biomineralization mechanisms in both the species of oyster C. hongkongensis and C. angulata. 15] , P. maxima and P. margaritifera (pearl oysters). Not only identification of the shell proteins of the above mentioned shell-forming animals has been done, various evolutionary and molecular studies have also been performed. Whereas shell proteins of C. hongkongensis (Hong Kong oyster) and C. angulata (Portuguese oyster) were unknown before conducting this study. So, a gap has been filled by identifying the shell proteins of these two species.
Not only were the shell proteins of these two species C. hongkongensis and C. angulata identified, but these shell proteins were the first to be visualized using 1-DE and 2-DE gel electrophoresis gels. These two shells have different material properties and as it is known that shell proteins play a vital role in interacting with inorganic crystals during shell formation that give rise to the mechanical properties of the shell [16] . In order to study the difference in shell mechanical properties of both these species of C. hongkongensis and C. angulata, a comparative analysis was carried out on protein spots observed from 2-DE gels. In the study, it was demonstrated that shell protein expression was significantly (student's t-test, p-value<0.05) higher in C. hongkongensis than in C. angulata and in total seventeen (17) spots were differentially expressed whereas fourteen (14) spots were seen to have 1.25 or greater fold changes using mean normalized spot intensity.
Furthermore, in order to understand the evolutionary conservation of shell proteins, involvement of shell proteins in calcification and bio-mineralization related biological processes, as well as molecular pathways, we conducted Circos based BLASTp analysis comparisons [13] with other shell forming proteomes for the two species of C. hongkongensis and C. angulata . This particular study gives us a partial indication of how the shells of these two oysters' species have evolved with different patterns of shell proteins conservation. This also tells that the shell proteins of these two oysters' species are conserved in a different manner deriving from the other molluscs and the gastropods over the course of years in the past and therefore possibly explicit different shell properties.
This study attempted to extract, identify and compare the shell proteins of the two phylogenetically related Hong Kong and Portuguese oyster species C. hongkongensis and C. angulata and possibly understand the shell proteins role in the mechanical properties of both the oyster shells. The results obtained seem to fulfill the objectives of the study with a range of experiments conducted. Limitations of the present study and proposals for future research Due to the pros and cons of the resolution of the technique in separating a highly complex blend of proteins, some proteins that are present in a low abundance might have been missed in the present study. By improving the resolution and separation of the complex proteome, a future study can further inculcate those overlooked proteins as well. A future study could split the pH range of IPG strips that used pH 3-10 into a set of two coupled range of pH 3.0-6.0 and pH 5.0-8.0 strips for improved resolution in 2-DE gels. Also the size of the gel used in this study can be increased to 17 cm. from 11 cm. for clearer spot/bands resolution in 
Conclusion:
In total eleven spots in the ASM and ten spots in the AIM proteins of both species C. hongkongensis and C. angulata were consistently observed using PDQuest software analysis in biological triplicate gels. from both species were significantly (student's t-test, p-value < 0.05) seen expressed higher in C. hongkongensis than C. angulata with a fold change equal or greater than the 1.25 threshold. This result likely strengthens the hypothesis of one of the objectives of the study that: shell protein expression in C. hongkongensis might be higher than C. angulata which in turn could possibly give rise to harder and bigger (much more calcified) shells of C. hongkongensis Hong Kong oysters. Nonetheless, the current shell protein spots analysis demonstrated the significant difference among observed spots which stated that Hong Kong oysters shell proteins were differentially expressed higher than Portuguese oysters. Furthermore, these spots can be identified as protein names using mass spectrometry and their functions will likely help more in understanding the mechanism of biomineralization involved in these species.
Figure 10:
Repeat two of the triplicates 2-DE Gels. Representative 2D gels of the acid soluble matrix (ASM) and the acid insoluble matrix (AIM) of C . hongkongensis oyster shell proteins together with the protein marker. The total protein extracts (60 µg) were separated on 11 cm. linear IPG strips (pH/pI 310) followed by 12.5% polyacrylamide gel electrophoresis. Gels were stained with silver staining to visualize protein spots.
Diversity of shell mechanical properties is determined by interaction between inorganic crystals and the organic matrix, the oyster species, C. hongkongensis and C. angulata have served as a model for marine biologists and ecologists for years. Albeit, precise molecular mechanisms by which these species develop diverse shells remains largely unknown. One way of addressing this would possibly be to compare the evolutionary conservation of shell proteins with other shell producing marine animals shell proteomes e.g. molluscs and gastropods. Since the shell proteins of C. hongkongensis and C. angulata were not known before, this study briefly profiled the proteomes for further identification using 1-DE gel bands with the help of Triple TOF 5600. Shell proteins of both species were visualized on 1-DE and 2-DE gels using conventional electrophoresis methods. To realize the objective broad level BLASTp comparisons of the C. hongkongensis and C. angulata shell proteome against the shell proteomes derived from mollusc, gastropods were made. Since all the shell proteomes databases primarily do contain proteins that have been isolated from the shells of their respective species (by mapping back to either RNASeq mantle transcriptomes or mainly genomes), it is therefore assumed to be somehow directly involved in shell formation.
Figure 11:
Repeat three of the triplicates 2-DE Gels. Representative 2D gels of the acid soluble matrix (ASM) and the acid insoluble matrix (AIM) of C . hongkongensis oyster shell proteins together with the protein marker. The total protein extracts (60 µg) were separated on 11 cm. linear IPG strips (pH/pI 310) followed by 12.5% polyacrylamide gel electrophoresis. Gels were stained with silver staining to visualize protein spots.
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Figure 12:
Repeat two of the triplicates 2-DE Gels. Representative 2D gels of the acid soluble matrix (ASM) and the acid insoluble matrix (AIM) of C . angulata oyster shell proteins together with the protein marker. The total protein extracts (60 µg) were separated on 11 cm. linear IPG strips (pH/pI 310) followed by 12.5% polyacrylamide gel electrophoresis. Gels were stained with silver staining to visualize protein spots. Representative 2D gels of the acid soluble matrix (ASM) and the acid insoluble matrix (AIM) of C . angulata oyster shell proteins together with the protein marker. The total protein extracts (60 µg) were separated on 11 cm. linear IPG strips (pH/pI 310) followed by 12.5% polyacrylamide gel electrophoresis. Gels were stained with silver staining to visualize protein spots.
